S tructurally complex small molecules play an important role in probing biological systems and combating disease. Such compounds often contain dense polycyclic ring systems, multiple stereogenic centres and spatially defined arrangements of functional groups. The complexity and three-dimensionality of these molecules allow for specific interactions with biological macromolecules and selective modulation of cellular pathways; such compounds are complementary to those in large commercial screening collections that tend to have fewer stereogenic centres and more sp 2 -hybridized carbons 1, 2 . Several strategies for the rapid and efficient synthesis of valueadded complex compounds have been developed, including those that construct complex scaffolds from diverse collections of simple building blocks 3, 4 and those that begin with complexity and build in diversity 5 . For this latter approach, natural products offer a rich and varied source of starting materials, and collections of compounds have been assembled using the complexity-to-diversity (CtD) strategy from the natural products adrenosterone 6 , gibberellic acid 6 , quinine 6, 7 , abietic acid 8 , sinomenine 9 , lycorine 10 , yohimbine 11 , haemanthamine 12 , nitrogenous steroids of dutasteride and abiraterone acetate 13 , ilimaquinone 14 and others. The resulting collections have been used to discover small molecules with anticancer and antimicrobial activities 11, 15 , autophagy inhibitors 16 and to identify predictive guidelines for broad-spectrum antibiotic discovery 17 . The CtD strategy is applied here to the natural product pleuromutilin (P, Fig. 1 ) with an emphasis on transforming the highly dense ring system of P into compounds with novel and complex ring architectures in short synthetic sequences. The resulting compounds were then evaluated for their ability to induce rapid death of cancer cells, with an eye toward the discovery of compounds with unusual modes of action. We now report the identification of ferroptocide, a novel compound that induces rapid ferroptotic death of cancer cells and inhibits thioredoxin; its mechanism of ferroptotic induction makes ferroptocide distinct from and complementary to existing ferroptosis inducers. Additionally, ferroptocide has immunostimulatory activity in a murine cancer model and thus will be an important tool for further investigating the potential of ferroptosis-inducing agents to act in concert with the immune system as an anticancer strategy.
Results and discussion
Diversifying pleuromutilin. The diterpene natural product P is found in several species of fungi and is a potent inhibitor of the bacterial 50S ribosome 18 . P is composed of five-, six-and eightmembered rings and contains eight contiguous stereogenic centres. Several semisynthetic derivatives of P are used to treat Grampositive pathogens in humans (retapamulin) and in veterinary medicine (tiamulin, valnemulin) 18 , and epi-mutilin derivatives have recently been developed as antibiotics with activity against some Gram-negative bacteria [19] [20] [21] [22] . Investigation of the antibacterial activity of P and its derivatives has inspired several total synthesis effo rts 20, 21, [23] [24] [25] that, combined with previous work on structure elucidation 26, 27 and structure-activity relationship studies 18, 28, 29 , provide a wealth of synthetic information about the chemical reactivity of the pleuromutilin ring system. Structural transformations of the P ring system identified through these efforts afford several good starting points for novel diversification reactions. With the objective of harnessing the advantages of P as a starting material to construct a small set of highly complex and structurally diverse compounds, we set out to alter the ring systems of pleuromutilin through a series of ring contraction, expansion, cleavage and fusion reactions (Fig. 1) .
Treatment of pleuromutilin with phosphorus pentachloride results in activation of the secondary alcohol, carbocation rearrangement and ring contraction to form known diene P1 26 ( Fig. 1a ) as a single diastereomer; its absolute configuration was confirmed by X-ray crystallography (Supplementary Table 1 ). P1 is an outstanding starting point for the construction of novel compounds with unusual oxidation patterns and ring systems. For example, silylation of P1 results in formation of the P2 kinetic silyl enol ether. Subsequent Rubottom oxidation induces an alcohol-directed The chemical diversification of natural products provides a robust and general method for the creation of stereochemically rich and structurally diverse small molecules. The resulting compounds have physicochemical traits different from those in most screening collections, and as such are an excellent source for biological discovery. Herein, we subject the diterpene natural product pleuromutilin to reaction sequences focused on creating ring system diversity in few synthetic steps. This effort resulted in a collection of compounds with previously unreported ring systems, providing a novel set of structurally diverse and highly complex compounds suitable for screening in a variety of different settings. Biological evaluation identified the novel compound ferroptocide, a small molecule that rapidly and robustly induces ferroptotic death of cancer cells. Target identification efforts and CRISPR knockout studies reveal that ferroptocide is an inhibitor of thioredoxin, a key component of the antioxidant system in the cell. Ferroptocide positively modulates the immune system in a murine model of breast cancer and will be a useful tool to study the utility of pro-ferroptotic agents for treatment of cancer.
epoxidation on the less hindered face of the five-membered ring, yielding epoxide P3 as a single diastereomer (Fig. 1a) . Desilylation of P3 to P4 (Fig. 1a) provides an α-hydroxy ketone that, upon exposure to lead tetraacetate, produces a novel rearrangement yielding P5. This proceeds through oxidative cleavage of the less hindered C-C bond of the hydroxy ketone, resulting in an intermediate containing an aldehyde and ester. Hemiacetal formation between the tertiary alcohol and aldehyde, followed by subsequent lactonization, efficiently results in a ring rearrangement to form P5. In addition to the direct formation of P1 from pleuromutilin, the use of carbocation rearrangements is a useful strategy for inducing dramatic changes to the overlapping rings of pleuromutilin. In aiming to construct a subset of compounds in which the six-membered ring was expanded, we identified alcohol P6, a common intermediate in the synthesis of pleuromutilin-derived antibiotics 30, 31 , as a useful substrate (Fig. 1b) . P6 was generated via acid-catalysed isomerization and a subsequent 1,5-hydride shift of pleuromutilin, as reported previously 30 . Treatment of P6 with phosphorus pentachloride resulted in a novel expansion of the six-membered ring and elimination to form a new scaffold, P7, as a single isomer. Further modification of P7 was accomplished by diastereoselective epoxidation of the disubstituted olefin to afford novel scaffold P8. Elimination and epoxide opening of P8 forms a new allylic alcohol P9 (Fig. 1b) .
Cleavage of the eight-membered ring of P has been reported to occur via a retro-Michael reaction 24 . Indeed, oxidation of the secondary alcohol of pleuromutilin affords a 1,5-diketone that, after retro-Michael ring cleavage with potassium hydroxide and oxidation of the resulting ketal with pyridinium chlorochromate, provides known lactone P10 (Fig. 1c) 
24
. Compound P10 was then used to construct novel lactam P12 through ring expansion of the cyclopentanone ring of P10 induced by oxime formation (P11) and Beckmann rearrangement initiated by cyanuric chloride (Fig. 1c) .
Finally, ring fusion to the eight-membered ring of P was achieved by intramolecular C-H insertion of a primary carbamate (Fig. 1d) . Inspired by previous work on C-H amidation of the epi-mutilin scaffold 32 , ring fusion precursor P13 was synthesized by saponification of pleuromutilin followed by acylation and carbamylation (Supplementary Scheme 4). Intramolecular C-H nitrene insertion was accomplished using a modified silver-catalysed methodology 32 to provide the novel ring system found in carbamate P14. Exposure of this product to alkaline autoxidation conditions 26 results in a formal ring expansion of the five-membered ring via enolate formation, oxidative cleavage, hydride transfer and lactonization to provide novel lactone P15 (Fig. 1d) .
Through the efforts reported here, 12 structurally complex compounds with novel ring systems were constructed from P, in addition to six compounds that had previously been reported; the majority of these were synthesized on ≥25 mg scale. In addition, the compound collection derived from P that was screened (vide infra) also included 11 compounds synthesized in our previously reported transformation of pleuromutilin to P16 and carbocation rearrangement to afford bridged oxafenestranes such as P17 (Fig. 1e) 
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. a, Synthetic route to P5 from P using a ring contraction of the eight-membered ring followed by a Rubottom oxidation and oxidative cleavage. b, Synthetic route to P9 from P using ring expansion, diastereoselective epoxidation and elimination. c, Synthetic route to lactam P12 from P using a retro-Michael ring cleavage and oxidative rearrangement followed by a Beckmann ring expansion. d, Synthetic route to P15 upon ring fusion of P by C-H amidation followed by alkaline autoxidation, hydride migration and lactonization. e, Synthesis of oxafenestranes from P as described previously 33 .
of complexity for the compounds synthesized from pleuromutilin, and these values compare favourably to compounds in screening collections, as shown in the violin plots in Supplementary Fig. 1 .
Anticancer phenotypic screening and compound optimization.
Compounds from P were evaluated in whole-cell assays for their ability to rapidly kill cancer cell lines in culture, starting with the ES-2 (ovarian cancer) cell line. All compounds were assessed at 12 µM, with cell viability determined using the Alamar Blue viability assay. Compounds that elicited at least 50% cell death were considered hit compounds and were then evaluated through full dose-response curves. From these assessments, compound P4 was identified as having promising activity, with rapid induction of cell death (a phenotype discussed further below) and a half-maximal inhibitory concentration (IC 50 ) of 6.7 μM in ES-2 cells (Fig. 2a) ; counter-screening revealed that this small molecule displayed no signs of haemolytic activity ( Supplementary Fig. 1 ).
Modification of P4 through a [4+2] cycloaddition provided compound P18, hereafter referred to as ferroptocide (Fig. 2a) ; this compound is more potent than P4, with IC 50 = 1.6 μM against ES-2 cells. Further modification of the secondary alcohol and the α-chloro ester of ferroptocide unveiled structural features important for activity. Although methylation and acetylation of the secondary alcohol of ferroptocide (P19 and P20, respectively) did not change the activity (Fig. 2b) , replacement of the α-chloro ester with acetate (P21) eliminated activity. To investigate other electrophilic groups the fluoro-(P22) and iodo-(P23) compounds were synthesized. Although P22 had greatly diminished anticancer activity, iodo analogues (such as P23) showed greater potency in cells at the expense of biological selectivity ( Supplementary Fig. 1 ), and because of this promiscuity such compounds were not pursued further. Additional compounds with poorer leaving groups such as α-acetate ester (P24), α,α-dichloro ester (P25) and furoic ester (P26) exhibited no anticancer activity (Fig. 2b) . Lead compound ferroptocide displays no antibacterial activity (minimum inhibitory concentration, MIC > 64 µg ml Additional synthesis and evaluation revealed that the N-N moiety in ferroptocide could be changed to C-C (P28, Fig. 2d) , with minimal loss in activity. This discovery allowed for the construction of alkyne tool compound P29 (Fig. 2d) , which was subjected to a 1,3-dipolar cycloaddition resulting in fluorescent compound P30. Both P29 and P30 retained anticancer activity (Fig. 2d) , and Fig. 9c ). d, Ferroptocide causes the same proteomic competitive profile in primary cells isolated from metastatic cancer patient samples. These cells were pretreated with DMSO or ferroptocide (20 µM, 30 minutes), followed by P30 incubation (1 µM, 30 minutes) and in-gel fluorescence analysis. Images are representative of two biological replicates. PPC, primary peritoneal carcinomatosis. Coomassie staining of gels demonstrates equal loading ( Supplementary Fig. 9d ). e, Schematic of the biotin-streptavidin pulldown method: treatment of HCT 116 cells with ferroptocide (20 µM, 30 minutes) and P29 (20 µM, 60 minutes) was followed by CuAAC reaction with biotin-azide and enrichment with streptavidin magnetic beads. On-bead trypsin digestion coupled to LC/LC-MS/MS provided a list of over 300 targets (Supplementary Data 2) . f, Enrichment of proteins based on P <0.05 and fold change >3 in HCT 116 cells, n = 2 independent experiments, two-sided student t-test. TXN was a top target candidate. g, Proteins identified for follow-up characterization based on shared enrichment in both HCT 116 and ES-2 cell lines, as well as molecular weights matching the bands observed by gel. Fig. 11 ). e, Crystal structure of thioredoxin with cysteine residues coloured in red (PIB:1ERT). f, siRNA of thioredoxin in HCT 116 cells (48 hours) sensitizes them to ferroptocide treatment (10 µM) but not Raptinal (10 µM) at the indicated time points. Note, siRNA of TXN at 48 hours is not toxic to cells. Cell viability was determined with AV/PI staining. Data are plotted as mean ± s.e.m., n = 3 biological replicates. Two-sided student t-test, ***0.0001 ≤ P < 0.001, **0.001 ≤ P < 0.01, NS P > 0.05 (P values were 0.04, 0.004, 0.0006, 0.03, 0.04 and 0.006 from left to right).
P30 was used to report on subcellular localization. As shown by confocal microscopy, P30 localizes to the cytoplasm in ES-2 cells (Fig. 2d) , and this staining is competed away by pretreatment with ferroptocide ( Supplementary Fig. 1 ). Importantly, installation of an α-chloro ester on pleuromutilin itself (P27), and other scaffolds such as lovastatin (L1) and quinine (QQ1), resulted in non-competing compounds in this localization experiment ( Supplementary  Fig. 1 ), demonstrating that the anticancer activity of ferroptocide is not attributed solely to the presence of the electrophilic functional group.
Ferroptocide induces non-apoptotic cell death.
To gain insights into the mode of action, the speed of cell death of ferroptocide was compared to other approved chemotherapeutics and tool compounds with well-defined mechanisms, including procaspase-3 activators (PAC-1, 1541B) 34 , nucleoside analogues (gemcitabine, 5-FU), DNA alkylators (MNNG, mitomycin C), topoisomerase inhibitors (etoposide, camptothecin, cycloheximide), reactive oxygen species (ROS) inducing agents (anitimycin A, IB-DNQ 35 , rotenone), broadspectrum kinase inhibitor (staurosporine), microtubule stabilizer (taxol), proteasome inhibitor (bortezomib) and a rapid apoptosisinducing agent (Raptinal) 36 . The cell death induced by ferroptocide was rapid in multiple cell lines of diverse cancer types, with a time to 50% cell death of 1 h in ES-2 (Fig. 3a) , 1.5 h in Mia PaCa-2 and 7 h in HCT 116 cells (Supplementary Fig. 2 ). As the speed of cell death induced by ferroptocide was faster than the most rapid proapoptotic agent known (Raptinal), it was suspected to induce non-apoptotic cell death.
Time-course analysis of cells treated with ferroptocide followed by annexin-V/propidium iodide (AV/PI) staining indeed suggested a non-apoptotic mode of cell death (Fig. 3b) , as did experiments showing that the pan-caspase inhibitor Q-VD-OPh does not protect against ferroptocide-induced cell death in ES-2 ( Fig. 3c) and HCT 116 cells (Supplementary Fig 2) . Cleavage of PARP-1 in ferroptocide-treated ES-2 or HCT 116 cells was not observed (Supplementary Fig. 2 ). As a further confirmation, cell morphological changes induced by ferroptocide were examined using transmission electron microscopy (TEM). Cells treated with ferroptocide exhibit none of the apoptotic characteristics such as membrane blebbing and chromatin condensation ( Fig. 3d ; see staurosporine (STS) control). Together, these data indicate that ferroptocide induces rapid, non-apoptotic cell death. As compounds with such a mode of cell death can have unique properties and advantages in vivo 37, 38 , further elucidation of the mechanism of cell death of ferroptocide was of interest.
Further analysis of the TEM images revealed mitochondrial swelling as early as 30 min after ferroptocide treatment. Subsequent confocal microscopy studies supported such findings as the fluorescent analogue P30 was found to co-localize with the Mitotracker dye in cells (Fig. 3e) while the BODIPY azide dye alone did not ( Supplementary Fig. 2 ), thus suggesting a mitochondria-based activity of ferroptocide. Given the importance of ROS generation in mitochondria, ROS levels were monitored upon compound treatment using a ROS probe, carboxy-H 2 DCFDA. Dose-dependent ROS production was observed in ES-2 ( Fig. 3f) and HCT 116 cells ( Supplementary  Fig. 2 ) treated with ferroptocide, similar to the positive control, tertbutyl hydroperoxide (TBHP). Furthermore, treatment of ES-2 cells with ferroptocide results in an increase of mitochondrial ROS similarly to treatment with positive controls IB-DNQ 39 and rotenone ( Supplementary Fig. 2 ). Collectively, these data support a disruptive role of ferroptocide on mitochondrial activity.
Ferroptocide is a pro-ferroptotic agent. One non-apoptotic mode of cell death that depends on the production of lethal levels of iron-dependent lipid ROS is ferroptosis, a regulated process with distinct morphological, biochemical and genetic characteristics [40] [41] [42] [43] [44] that shares similar features with another non-apoptotic form of cell death, oxytosis [45] [46] [47] [48] .The hallmarks of ferroptosis include generation of lipid hydroperoxides and cytoprotection by lipophilic antioxidants (trolox, butylated hydroxyltoluene (BHT)), ferroptosis inhibitors (ferrostatin-1, liproxstatin) and iron chelators (deferoxamine (DFO), ciclopirox olamine (CPX)) 40 . Cellular effects of ferroptocideinduced ROS were investigated using a C11-BODIPY probe that responds to lipid peroxidation 41 . Ferroptocide induces lipid ROS in ES-2 (Fig. 4a) , HCT 116 and 4T1 cells ( Supplementary Fig. 3 ), similar to the known ferroptosis inducer (1S,3R)-RSL3 (hereafter RSL3) 49 and/or TBHP; DFO pretreatment of these cells abolishes each compound's activity. Given that generation of continuous lipid ROS is a functional requirement of ferroptosis 40, 41 , additional experiments were conducted to elucidate if ferroptosis was triggered by ferroptocide. Protection studies were conducted with trolox, ferrostatin-1 and DFO, and all these inhibitors significantly protected against ferroptocide-induced cell death in ES-2 ( Fig. 4b-d) , HCT 116, 4T1 and A549 cancer cells (Supplementary Fig. 3 ). Additionally, these inhibitors rescued cells from TBHP treatment (Fig. 4b) and the known ferroptosis inducers erastin (Fig. 4c,d ) and RSL3 ( Supplementary Fig. 3) , respectively, while they showed no protection against Raptinal, an apoptosis-inducing agent. Treatment of HCT 116 and A549 cells with the antioxidant N-acteyl cysteine (NAC-1) resulted in protection from ferroptocide-and TBHP-induced cell death, but not Raptinal (Supplementary Fig. 3) . Together, these studies indicate that iron-dependent accumulation of lipid peroxidation (ferroptosis) upon ferroptocide treatment is the cause of cell death. 
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Erastin and RSL3 were originally discovered as small molecules with RAS-selective lethality 41 . Monitoring of speed of cell death of ferroptocide versus erastin and RSL3 in HCT 116 and A549 cells (which contain mutant oncogenic K-RAS) demonstrates that ferroptocide is a fast-acting, robust pro-ferroptotic agent inducing more quantitative cell death than the other tool compounds (Fig. 4e) . Additionally, treatment of HCT 116 cells with the same concentration of these compounds results in generation of similar levels of lipid ROS upon ferroptocide and RSL3 treatment and a larger quantity compared to erastin treatment, suggesting a rapid onset of lipid peroxidation for ferroptocide and RSL3 (Supplementary Fig. 3 ). Given that RSL3 is a covalent inhibitor of a central regulator of ferroptosis, GPX4 40, 45 , we monitored if ferroptocide modulates the activity of GPX4 in cells. As shown in Supplementary Fig. 3 , treatment of ES-2 cells with ferroptocide did not result in GPX4 inhibition (in contrast to the positive control RSL3), suggesting a different target for ferroptocide.
Further experiments were conducted to monitor the effect of ferroptocide at the transcript level. RNA-seq data of ferroptocidetreated cells revealed that 35 of 40 genes involved in ferroptosis are modulated with false discovery rate (FDR) scores of ≤0.05 upon 6 h treatment ( Supplementary Fig. 3 ). This time point was selected to capture the primary mechanisms of the compound of interest on viable cells ( Supplementary Fig. 3 ), as described previously 50 . Specific genes such as GCLC (3.5-fold), GCLM (4.9-fold), SLC7A11 (8.1-fold) and CHAC1 (9.8-fold), known to be upregulated in ferroptosis 40, 51 , and endoplasmic reticulum stress (ATF3 11.5-fold, DDIT3 22.5-fold, DDIT4 11.3-fold) were significantly upregulated after ferroptocide treatment, similar to RNA-seq reports for erastin in HT-1080 cells 51 . Pathways affected by oxidative stress such as Keap1-Nrf2 (P = 7.8 × 10 ) and others were also modified upon compound treatment ( Supplementary Fig. 3 and Supplementary Data 1). These transcription profiles provide further support that ferroptocide induces oxidative stress and ferroptosis.
Ferroptocide covalently modifies thioredoxin. Structure-activity relationship trends reveal that ferroptocide bioactivity depends on the presence of the electrophilic α-chloroester (Fig. 2) , suggesting covalent modification of its target. In vitro studies indicate that ferroptocide reacts slowly with excess glutathione (67% compound remaining after 2 h) compared to the rapid reaction of the promiscuous iodo analogue P23 ( Supplementary Fig. 4 ). To assess covalent modification in cells, in-gel fluorescence studies were performed in conjunction with competition studies. Treatment of HCT 116 cells with increasing concentrations of fluorescent analogue P30 resulted in labelling of five main bands (Fig. 5a) . Pretreatment of cells with various concentrations of ferroptocide, followed by treatment with P30, resulted in dose-dependent competition, primarily of two bands, in the in-gel fluorescence assay (bands B and D in Fig. 5b) . A similar labelling and competition pattern was observed in multiple cancer cell lines, including HCT 116, ES-2, U937, MIA PaCa-2, BT-549, T47D, MDA-MB-231 (Fig. 5c ) and primary cancer cells from patients (Fig. 5d) , suggesting modulation of the same targets in immortalized and in primary cancer cells.
In an effort to identify the labelled protein(s), a biotin-streptavidin pulldown 52 (schematic in Fig. 5e ) was performed with alkyne P29. Briefly, HCT 116 cells were pre-treated with ferroptocide or DMSO, followed by treatment with P29. Upon incorporation of a biotin, P29-labelled proteins were enriched on streptavidin beads, subjected to an on-bead trypsin digestion and subsequent liquid chromatography-mass spectrometry (LC/LC-MS/MS) analysis. Protein identities were determined by database searches using the SEQUEST algorithm. Relative quantitation of proteins enriched in ferroptocide and DMSO pretreated samples was achieved by spectral counting (Fig. 5f) . High-affinity targets from the HCT 116 cell line were then compared to targets identified in ES-2 cells (Supplementary Data 2) . Based on shared enrichment in both cell lines, as well as molecular weights matching the gel bands, nine proteins were selected for follow-up characterization (Fig. 5g) . Importantly, GPX4 protein was not identified as a target of interest for ferroptocide, with low spectral counts below the cutoff for significance.
To discriminate between on-and off-cytotoxicity-related targets, siRNA and CRISPR-Cas9 strategies were used. Following successful siRNA knockdown of KEAP1 and GSTO1, an assessment was made of how changes in protein expression affected band labelling in gels.
Comparison of cells with knockdown targets and wild-type cells indicated no change in in-gel fluorescence (Supplementary Fig 5) , suggesting that KEAP1 and GSTO1 are off-pathway targets of ferroptocide. CRISPR-Cas9 technology was then used to rapidly investigate the remaining targets. We were able to successfully generate isogenic cell line pairs for six knockout targets, with one other target being lethal. Knockout of six targets did not diminish labelling of any of the fluorescent bands, indicating that these proteins (PTGES2, PGLS, TXNRD1, TXNRD2, TXNRD3 and PDP1) were not the targets of interest ( Supplementary Fig. 5 ), while the lethal target corresponded to that of thioredoxin protein.
Thioredoxin (TXN) is a 12 kDa ubiquitous oxidoreductase that plays a key role in the thioredoxin antioxidant system (comprising thioredoxin, NADPH and thioredoxin reductase). Thioredoxin contains five cysteines and uses active-site cysteines (C32 and C35) to reduce the disulfide bonds of many protein partners such as transcription factors (NF-κB, AP-1, Ref-1), ribonucleotide reductases, peroxiredoxins and glutathione peroxidases, as well as scavenging of ROS 53, 54 . Treatment of HCT 116 cells with P29, coupled to biotin-streptavidin enrichment followed by immunoblotting, yielded a band present only in compound-treated sample (Fig. 6a) , suggesting that ferroptocide covalently modifies thioredoxin. A thioredoxin activity assay was then used to assess the ability of ferroptocide to inhibit thioredoxin activity in cell lysate. Ferroptocide significantly reduced the activity of thioredoxin (Trx) in ES-2 cells to a greater extent than the two known inhibitors of thioredoxin (PMX464 and PX-12) [55] [56] [57] (Fig. 6b) . Dose-response analysis confirmed that ferroptocide is also a more potent thioredoxin inhibitor than PMX464 and PX-12 in a biochemical (in vitro) assay (Supplementary Fig. 5 ).
To further assess the effect of ferroptocide on thioredoxin, thioredoxin fused to GFP (TXN-GFP, 37 kDa) was overexpressed in HCT 116 cells (Supplementary Fig. 5 ). Treatment of these cells with P29, followed by bioconjugation of the orthogonal fluorophore of Cy3, afforded the expected band at 37 kDa (Fig. 6c) , which was competed by ferroptocide. To identify the sites of modification of thioredoxin by ferroptocide, site-directed mutagenesis introduced serine mutants of each of the five cysteines of TXN-GFP. The ability of ferroptocide to covalently modify these mutant proteins (C32S, C35S, C62S, C69S and C73S, Supplementary Fig. 5 ) was assessed in a fluorescent band labelling experiment. As shown in Fig. 6d , the 37 kDa band is not present in the C32S and C35S mutants and has reduced labelling in the C73S mutant, suggesting that ferroptocide is modifying the active-site cysteines and the adjacent cysteine 73 of thioredoxin as shown in the crystal structure (Fig. 6e) . Taken together, these studies demonstrate that treatment with ferroptocide modifies critical residues needed for interaction of thioredoxin with its binding partners, and thus inhibiting its activity in cells. This inhibition presumably causes the observed phenotype of rapid ferroptotic cell death. Given that thioredoxin is a key component of a major antioxidant system, it is possible that its modulation renders cells susceptible to the oxidative stress that causes lipid peroxidation and other imbalances in cellular processes, which eventually lead to ferroptotic cell death; other thioredoxin inhibitors have not been reported to induce ferroptosis.
General and lipid ROS levels were monitored upon genetic knockdown of thioredoxin in HCT 116 cells. Knockdown of thioredoxin (siTXN) resulted in massive generation of general ROS and lipid ROS within 72 h (Supplementary Fig. 6 ), consistent with induction of ferroptosis. Pretreatment of HCT 116 cells with ferroptosis inhibitors of trolox and ferrostatin-1 did not protect against siTXN, however, probably due to high ROS levels and long incubation times required for sufficient knockdown of thioredoxin; pretreatment with DFO impaired cell viability even in the control HCT 116 cells transfected with scrambled RNA (siNeg, Supplementary  Fig. 6 ). To determine if thioredoxin inhibitors cause ferroptotic cell death, protection studies with ferroptosis inhibitors were conducted in two cell lines; minimal protection was observed in ES-2 cells while A549 displayed no change in cell death compared to untreated cells (Supplementary Fig. 6 ). These results are unsurprising given that PMX464 55, 58 and PX-12 59, 60 are imperfect tool compounds, suspected to engage multiple molecular targets in cells. The siRNA knockdown of thioredoxin sensitizes HCT116 cells to ferroptocide but not Raptinal treatment in a time-course study ( Fig. 6f and Supplementary Fig. 6 ), which is further suggestive of the importance of thioredoxin in ferroptocide-induced cell death. Together, these data support a role of thioredoxin in ferroptocide-induced cell death and ferroptosis.
Ferroptocide is an immunostimulatory compound. The nonapoptotic nature of ferroptocide inspired preliminary exploration of its ability to modulate the immune system. Non-apoptotic compounds are attractive anticancer agents, as they can potentially elicit an immune response 37 . Ferroptocide displays some activity in non-cancerous breast (MCF10A) and human skin fibroblast (HFF-1) cells (IC 50 of 3.1 and 4.1 µM, respectively), but no haemolytic activity, so it is a favourable tool compound to assess in vivo. We investigated the role of the immune system by assessing the efficacy of ferroptocide in a subcutaneous murine model of 4T1 triple negative breast cancer cells in immunocompetent (Balb/c) compared to immunocompromised (severe combined immunodeficiency, SCID) mice. Measurements of tumour volume indicated a 40% tumour growth retardation in compound-treated Balb/c compared to vehicle-treated mice, with activity probably limited by poor compound pharmacokinetics in mice ( Fig. 7 and Supplementary Fig. 7 ). The lack of activity in immunocompromised mice suggests that T and B cells play a role in the activity of ferroptocide in vivo.
Conclusions
Small molecules are powerful tools for investigating protein function and cell death mechanisms. Staurosporine and more recently Raptinal 36 are commonly used to predictably and rapidly induce apoptotic cell death and enable the study of its mechanisms and protein regulators. Selective inhibitors of cell death processes are also extremely valuable, with z-VAD-fmk and Q-VD-OPh widely used to inhibit apoptosis, and necrostatin-1 and ferrostatin-1 used to inhibit necrosis and ferroptosis, respectively 61 . In contrast to the variety of tool compounds available to induce apoptosis, there are comparatively fewer that can be used to induce ferroptosis, another regulated form of cell death 62 . Erastin and RSL3 are the first reported inducers of ferroptosis, followed by more recent reports of salinomycin 63 , sorafenib, FIN56 and FINO 2 (ref. 40 ). These compounds have been instrumental in the discovery of ferroptosis and elucidation of key ferroptotic regulators (system x c − and glutathione peroxidase 4) and related pathways. However, these compounds typically do not induce quantitative cell death, and lack potent lethality in multiple cell lines, revealing a need for additional pro-ferroptotic agents. Furthermore, the discovery of other inducers of ferroptosis can uncover additional proteins critical to this cell death process.
Here, we report application of the CtD strategy to the natural product of pleuromutilin, which provided a set of 29 structurally diverse and highly complex compounds. This set was then subjected to a phenotypic screen that allowed discovery of ferroptocide, which induces rapid ferroptotic death in immortalized cancer cell lines and primary cancer cells from patients. Cell culture studies demonstrate that ferroptocide-treated cells generate ROS and lipid peroxidation, which result in inevitable cell death, an effect that can be prevented by pretreatment with known inhibitors of ferroptosis (trolox, ferrostatin-1 and DFO). Depletion of the glutathione antioxidant system and pharmacological inhibition or degradation of glutathione peroxidase 4 (GPX4) are the main known systems that control ferroptosis 40, 41, 43, 44, 51, 64 . In contrast, the collected data suggest that ferroptocide targets a different antioxidant system (thioredoxin) to induce ferroptosis; it is likely that inhibition of thioredoxin causes a drastic imbalance in the ROS levels, overwhelms cellular antioxidant responses (as seen at the transcript level) and causes ferroptosis. This hypothesis is supported by genetic knockdown studies of thioredoxin, which lead to accumulation of large amounts of ROS, lipid ROS and sensitization of siTXN cells to ferroptocide treatment. Nevertheless, further mechanistic details of the thioredoxin-ferroptosis link remain to be elucidated, and the possibility that there are alternative targets important for the pro-ferroptotic action of ferroptocide cannot be ruled out.
Head-to-head comparisons of ferroptocide to erastin and RSL3 suggest that ferroptocide may have advantages, especially for applications requiring induction of rapid and/or quantitative ferroptotic cell death. Furthermore, as ferroptocide induces a regulated, nonapoptotic mode of cell death, this compound (and possibly other pro-ferroptotic agents) has the potential to synergize with the immune system for the treatment of cancer. Ferroptocide represents a distinct class of ferroptosis inducers and will be an important tool compound for further studies of ferroptosis.
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability
The data supporting the findings of this study are available within the paper & supplementary information and are available from the corresponding author upon reasonable request. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [1] partner repository with the dataset identifier PXD012805. The RNA sequencing data have been deposited to the GEO repository with the accession number GSE126868. The X-ray crystallography data have been deposited in the Cambridge Crystallographic Data Center (CCDC) using the following identifiers: 1851845 (compound P1) and 1849494 (Ferroptocide).
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Life sciences Behavioural & social sciences Ecological, evolutionary & environmental sciences
For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf Life sciences study design
All studies must disclose on these points even when the disclosure is negative.
Sample size
Three biological (independent) replicates were used for experiments except the mouse study. Mouse models: n=7 mice per group to achieve meaningful statistical significance.
Data exclusions No data were excluded from the analyses.
Replication
In the Ffgure legend, we state how many number of replications were performed. The mouse study was statistically powered as appropriate and was performed one time.
Randomization Mice were randomized as described in the SI.
Blinding
Blinding was not relevant for this study.
Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. Mycoplasma contamination 4T1 cells were tested for mycoplasma contamination before injection in mice (results were negative for contamination as reported from the Diagnostics Lab at University of Illinois Urbana-Champaign).
Commonly misidentified lines (See ICLAC register)
No commonly misidentified cell lines were used.
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Animals and other organisms Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research Laboratory animals 10-to 12-week old C57BL/6 mice and 9 week old Balb/c and SCID mice were purchased from Charles River
Wild animals
The study did not involve wild animals.
Field-collected samples
This study did not involve field-collected samples.
Ethics oversight
The protocol was approved by the IACUC at the University of Illinois at UrbanaChampaign (Protocol Number: 14173).
Note that full information on the approval of the study protocol must also be provided in the manuscript.
Flow Cytometry Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.
A numerical value for number of cells or percentage (with statistics) is provided.
Methodology
Sample preparation
Samples (mammalian cell lines) were collected by centrifugation at 10,000g for 3 min and resuspended in the appropriate buffer as described in the SI. Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
